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ABSTRACT
The classical Cepheid l Carinae is an essential calibrator of the Cepheid Leavitt Law as a rare long-
period Galactic Cepheid. Understanding the properties of this star will also constrain the physics
and evolution of massive (M ≥ 8 M⊙) Cepheids. The challenge, however, is precisely measuring the
star’s pulsation period and its rate of period change. The former is important for calibrating the
Leavitt Law and the latter for stellar evolution modeling. In this work, we combine previous time-
series observations spanning more than a century with new observations to remeasure the pulsation
period and compute the rate of period change. We compare our new rate of period change with stellar
evolution models to measure the properties of l Car, but find models and observations are, at best,
marginally consistent. The results imply that l Car does not have significantly enhanced mass-loss
rates like that measured for δ Cephei. We find that the mass of l Car is about 8 – 10M⊙. We present
Hubble Space Telescope COS observations that also differ from measurements for δ Cep, and β Dor.
These measurements further add to the challenge of understanding the physics of Cepheids, but do
hint at the possible relation between enhanced mass loss and ultraviolet emission, perhaps both due
to the strength of shocks propagating in the atmospheres of Cepheids.
Subject headings: stars: evolution — stars: fundamental parameters — stars: individual (l Carinae)
— stars: mass loss — stars: variables: Cepheids
1. INTRODUCTION
The star l Carinae is a bright (〈V 〉 ≈ 3.6 mag), long-
period (P = 35.5 day) classical Cepheid, making it
one of the most important Galactic Cepheids for con-
straining stellar evolution models as well as calibrat-
ing the Cepheid Leavitt Law (Leavitt 1908). Long-
period Cepheids like l Car are uncommon in the Galaxy,
so as the nearest long-period Cepheid, at a distance of
498+55
−45pc (Benedict et al. 2007), long-term observations
present the opportunity to probe the details of stellar
pulsation and evolution.
The forthcoming era of the James Webb Space Tele-
scope (JWST ) will allow for measurements of the Hub-
ble constant to a precision of about 1% using Cepheids
(Freedman et al. 2012). However, this precision re-
quires calibrating the Leavitt Law using Large Magel-
lanic Cloud Cepheids to measure the slope and Galactic
Cepheids to anchor the zero point. As a rare long-period
Galactic Cepheid, l Car is uniquely important for an-
choring that zero point, hence it is essential to measure
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the pulsation period and luminosity precisely.
Similarly, l Car is a powerful laboratory for constrain-
ing stellar astrophysics. It is a massive Cepheid evolv-
ing along a short-lived stage of stellar evolution and will
eventually explode as a supernova or evolve as a Super
Asymptotic Giant Branch star, depending on how mas-
sive it is (e.g. Eldridge & Tout 2004). Furthermore, this
specific star is important for understanding the transition
from red supergiant to blue supergiant and vice versa
(Maeder & Meynet 2000), short but crucial stages of stel-
lar evolution for understanding stellar mass loss (Mackey
et al. 2012; Meyer et al. 2014), rotation (Anderson et al.
2014), supernova progenitors (Georgy 2012) and other
physics (Langer 2012). Accurate observations and mod-
els are required to differentiate physical processes and
evolutionary scenario.
As one of the nearest Cepheids, l Car has been ob-
served nearly continuously for more than a century
(Cousins 1924). Because of its brightness, l Car has been
observed from ultraviolet (UV) to infrared (IR) wave-
lengths. Bohm-Vitense & Love (1994) presented Inter-
national Ultraviolet Explorer (IUE) satellite observations
that reveals the presence of strong far-UV line emission
that varies and is periodic. Recently, Engle & Guinan
(2012) found evidence for photospheric temperatures up
≈ 105 K based on HST-COS NUV and FUV that also
showed periodic variations. At IR wavelengths, Kervella
et al. (2009) detected a circumstellar envelope at a dis-
tance ≈ 10−100 AU from the star, possibly arising from
significant mass loss. This Cepheid has also been ob-
served using interferometry to measure its angular diam-
eter, θ = 2.992± 0.012 mas (Kervella et al. 2004). Com-
bined with HST FGS parallax measurements (Benedict
et al. 2007), the distance is 498+55
−45 pc and hence mean
radius is R = 159.9 ± 16.6 R⊙. These observations are
necessary for constraining the fundamental properties of
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l Car while also presenting new mysteries about its at-
mosphere, circumsteller medium and about Cepheids in
general.
To understand these observations better, we require
precise measurements of the pulsation period. Because
l Car is a massive star that evolves on short time scales,
the pulsation period should also be observed to change.
Cousins (1924) presented period measurements of the
star from 1891 to 1924 and found that the period changed
from P = 35.5236 days increasing to P = 35.57 days
by 1924. Further period studies have been since con-
ducted, but results have been ambiguous (e.g. Feinstein
& Muzzio 1969; Cogan et al. 1980; Kervella et al. 2004).
However, continuous and precise period measurements
for l Car are an ongoing challenge because of the star’s
long period relative to other nearby classical Cepheids,
hence requiring months of observations to determine re-
liable timing measurements. Also, l Car is too bright to
be observed using conventional CCD photometry. These
two challenges hinder a thorough period study of this
Cepheid.
Precise period determinations and measurements of
period change are critical for constraining the evolu-
tion of Cepheid variable stars (Eddington 1919). Turner
et al. (2006) compiled rates of period change for about
200 Galactic Cepheids, including l Car, and showed that
period change constrains Cepheid evolution models and
indicates which crossing of the instability strip that a
Cepheid is evolving. Similarly, Neilson et al. (2012a)
and Neilson (2014) compared the measured rate of pe-
riod change for the short-period Cepheid Polaris with
stellar evolution models to constrain its wind and mass-
loss properties. Neilson et al. (2012b) computed popula-
tion synthesis models of Cepheids with the Turner et al.
(2006) sample and found that enhanced mass-loss (of the
order 10−7 M⊙ yr
−1) is a common phenomena. How-
ever, because of the rarity of massive Cepheids relative
to less massive Cepheids, population synthesis models do
not significantly constrain the mass-loss rates of massive
Cepheids like l Car and RS Pup. More recently, Ander-
son et al. (2014) compared evolution models with stellar
rotation to show that Cepheids may also be significantly
rotating, adding yet another ingredient.
While these period changes test stellar evolution mod-
els, recent Kepler observations of V1154 Cyg suggest
random-like period variations of the order of ∆P ≈
0.01P . This phenomena has also been detected in two
other Cepheids (Evans et al. 2015). This period jitter
could be due to period instabilities (e.g. Poleski 2008) or
by convective cells on the surface of the star (Neilson &
Ignace 2014). Anderson et al. (2015) presented new in-
terferometric and spectroscopic measurements that show
radial velocity jitter where the radial velocity curve varies
cycle-to-cycle. This is analogous to the photometric jit-
ter measurements. If the latter hypothesis is true, then
the pulsation period of l Car could intrinsically vary by
at least 0.03 day or more, further complicating the pic-
ture.
In this work, we compile and reanalyze published data
for l Car, which we complement with new observations to
measure its pulsation period and rate of period change.
We present our data in Sect. 2 spanning from 1871 to
2012 and describe the period determination and mea-
sured period change. In Sect. 3, we compute new stellar
evolution models to compare to our measured rate of pe-
riod change. New ultraviolet spectral observations are
presented and discussed in Sect. 4. These results are
summarized and discussed in Sect. 5.
2. PHOTOMETRIC OBSERVATIONS OF l CAR
To measure the period and rate of period change for
l Car, we use published data spanning from 1871 to 1990
which we complement with new observations for the year
2012 taken by one of us (Butterworth). We measure new
times of maximum light for period determinations from
the data when the light curve data is available, other-
wise we use the published timings of maximum light. A
sample of the data we use is listed in Table 1, the entire
table is available in machine-readable format.
We fit available light curve data using a Fourier series
fit to calculate new timing maxima. That timing maxima
is combined with the Roberts (1901) and Cousins (1924)
timing measurements to produce the observed-calculated
(O-C) diagram. We assume the ephemeris period from
Feinstein & Muzzio (1969) to be consistent with other
works. We plot the O-C diagram in Fig. 1 and fit the
data with a quadratic function to measure the secular
rate of period change (e.g. Percy 2007). The fit is com-
puted with more weight given if the light curve data is
available for this work and less statistical weight for the
older Innes (1897), Roberts (1901) and Cousins (1924)
data (see Table 1). We note that Innes (1897) only pub-
lished the dates of observed times of maximum, but not
the actual times. For the first three times of maximum,
the JD published by Innes is adjusted to represent local
midnight in Cordoba, Argentina, where those observa-
tions were made. For the rest of the Innes timings, ad-
justments were made to local midnight for Cape Town,
South Africa. These timings, although important as they
are the earliest found for l Car, are also given a low
weight (see Table 1), and the error on each observation
is on the order of ±2 days.
Based on the timing data and the O-C diagram, we
measure the rate of period change for l Car to be P˙ =
+20.23 ± 1.39 s yr−1. This rate is somewhat different
from that reported by Turner (2010), P˙ = +26.36 s yr−1.
We believe the smaller period change value found in this
study is due to the inclusion of very early times of max-
imum, in addition to the most recent data not available
for the earlier studies. Breitfelder et al. (2016) presented
another measurement of the rate of period change for
l Car using the SPIPS method (Me´rand et al. 2015).
Their measured rate, P˙ = 27.283 ± 0.984 s yr−1, is
consistent with that measured by Turner (2010) and
employs a shorter time span of timing measurements
than our analysis. If we choose to leave out the tim-
ings earlier than Epoch = −600, the resulting fit gives
P˙ = +23.21 ± 2.19 s yr−1, bringing the value closer
to that reported in Turner (2010) and Breitfelder et al.
(2016). However, despite the larger uncertainty of some
of these points (discussed earlier), we still believe they
should be included in analysis. We also test the data
for changes in the brightness amplitude, but over the
past century there is no evidence that the amplitude
has changed by more than one-tenth of a magnitude.
There are hints of smaller scale amplitude changes but,
due to the spans of time between complete, calibrated
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TABLE 1
A sample of published and new timing data for l Car
Timing Maximum (HJD) Epoch O-C(days) Weighting Source
2404640.625 -932 7.8177 0.5 Innes (1897)*
2404671.625 -931 3.1982 0.5 Innes (1897)*
2404921.625 -924 4.6196 0.5 Innes (1897)*
2411846.417 -729 0.0000 0.5 Innes (1897)*
2412237.417 -718 0.0000 0.5 Innes (1897)*
2413235.417 -690 3.1982 0.5 Innes (1897)*
2413267.417 -689 -0.3554 0.5 Innes (1897)*
2413305.417 -688 2.1321 0.5 Innes (1897)*
2413553.417 -681 1.4214 0.5 Innes (1897)*
2413587.417 -680 0.0000 0.5 Innes (1897)*
2413658.417 -678 0.0000 0.5 Innes (1897)*
2413694.417 -677 0.0000 0.5 Innes (1897)*
2413730.417 -676 0.7107 0.5 Innes (1897)*
2413766.417 -675 1.0661 0.5 Innes (1897)*
2413870.417 -672 -1.4214 0.5 Innes (1897)*
2413906.417 -671 -1.0661 0.5 Innes (1897)*
2422186.980 -438 -0.1900 2.0 Berdnikov et al. (2003)
2422187.200 -438 0.0300 2.0 Berdnikov et al. (2003)
2422968.320 -416 -0.6200 2.0 Berdnikov et al. (2003)
2423964.130 -388 0.2100 2.0 Berdnikov et al. (2003)
*Please see Section 2 for a discussion of the times of maximum
reported by Innes (1897).
lightcurves, no definitive amplitude changes are found.
These results suggest that l Car is evolving on the third
crossing of the instability strip since its period change is
both positive and relatively small for a star of its mass.
We compare this rate of period change with theoretical
rates from stellar evolution models in the next section.
3. THEORY VS PERIOD CHANGE OBSERVATIONS
We compute stellar evolution models to compare with
the observed fundamental parameters for l Car using
the Yoon & Langer (2005) code (see Neilson et al. 2011,
2012a,b; Neilson 2014, for details). We assume the same
parameters for overshooting and composition as in Neil-
son (2014). The overshooting parameter is chosen to
be consistent with evolutionary model fits to the eclips-
ing binary Cepheid OGLE-LMC-CEP0226 (Cassisi &
Salaris 2011) and compute models for masses ranging
from M = 3 to M = 11.5 M⊙. Stellar evolution models
with masses M > 11.5 M⊙ do not form Cepheid blue
loops because of the assumed overshooting parameter.
The structure of the Cepheid blue loop is an ongoing
challenge for stellar evolution theory (Walmswell et al.
2015).
Period change predictions are computed analytically
using period-mean density relation P
√
ρ = Q and taking
the time derivative. This is the same method as em-
ployed by Turner et al. (2006); Neilson et al. (2012a,b)
and Neilson (2014). Using this method, we compute the
relative change of period P˙ /P so that we can avoid any
errors in directly modelling the pulsation period using
linear and non-linear pulsation models.
We compare our models to measured fundamental stel-
lar parameters. We compute the radius is R = 159.9 ±
16.6 R⊙ from angular diameter and parallax measure-
ments. Further, Kervella et al. (2009) measured an effec-
tive temperature, Teff = 4860± 150 K, yielding a stellar
luminosity, log(L/L⊙) = 4.107
+0.124
−0.174.
We present rates of period change as a function of ra-
dius in Fig. 2 for two cases: models assuming a Cepheid
mass-loss rate of 10−9 M⊙ yr
−1 or 10−6 M⊙ yr
−1. Each
plot shows three different regimes for period change.
Models with large positive rates of period change repre-
sent Cepheid evolving along the first crossing of the insta-
bility strip, models with negative rates of period the sec-
ond crossing and those with small positive period change
the third crossing. Based on the plots, we conclude that
the rate of period change for l Car is inconsistent with
large mass-loss rates such that M˙ < 10−7 M⊙ yr
−1. This
mass-loss rate is consistent with the results of Kervella
et al. (2009), but is smaller than mass-loss rates measured
for the short-period Cepheid Polaris (Neilson et al. 2012a;
Neilson 2014) and the prototype δ Cephei (Marengo et al.
2010; Matthews et al. 2012). We confirm that l Car is
evolving along the third crossing of the instability strip.
We take this analysis a step further and correlate our
predicted fundamental stellar parameters with the mea-
sured radius and rate of period change. For models with
assumed mass-loss rates of 10−6 and 10−7 M⊙ yr
−1,
no models agree with the measured radius and period
change. However, for mass-loss rates < 10−7 M⊙ yr
−1,
we measure fundamental stellar parameters from our
stellar evolution models for period changes within 4σ of
our measured value. These parameters are presented in
Tab. 2. The predicted ages and luminosities are corre-
lated with stellar mass, hence more massive models are
both brighter and older than less massive models.
Another possibility is that the mean radius of l Car
is overestimated. Because interferometric observations
measure a limb-darkening angular diameter and not the
actual angular diameter as defined by models then the
radius could be overestimated by a few percent (Me´rand
et al. 2015). If the radius is indeed overestimated, then
the overlap between models and observations is much ob-
vious and suggests that the mass of l Car can be up to
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l Car New O-C Data (2437751.5 + 35.535-d)
Epoch
-1000 -800 -600 -400 -200 0 200 400 600
O
-C
 (
d
a
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0
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10
      y = y
0
 + ax + bx^2
Parameter  Value     StdErr 
y0         5.769e-1  1.026e-1
a          6.726e-3  3.347e-3
b          1.139e-5  7.841e-7
    dP/dt = 20.23 +/- 1.39
Fig. 1.— O-C diagram for a century of observations of l Car, along with the best-fit parabolic function (dashed line).
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Fig. 2.— Theoretical rates of period change computed from our stellar evolution models assuming Cepheid mass-loss rates 10−9 (left)
and 10−6 M⊙ yr−1 (right). The red square represents the measured period change and radius for l Car.
10M⊙, but the predicted effective temperatures ceases to
agree with observations. It is unclear whether the differ-
ences between models and observation due to challenges
with observations or errors in our models.
We plot the Hertzsprung-Russell diagram for stellar
evolution models with initial masses ranging from M =
8.5M⊙ to 8.8M⊙ that intersect our best-fit stellar prop-
erties in Fig. 3. This mass is much smaller than pre-
viously considered; Caputo et al. (2005) determined a
stellar evolutionary mass M ≈ 12.5 M⊙. Kervella et al.
TABLE 2
Fundamental parameters consistent with measured period
change and radius
Fundamental Parameter Value
Age (Myr) 31.25 ± 1.05
Mass (M⊙) 8.66± 0.14
Teff (K) 5000 ± 60
log L/L⊙ 4.06± 0.03
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Fig. 3.— Hertzsprung-Russell diagram for stellar evolution with initial masses, M = 8 – 9.2 M⊙ in steps of 0.2 M⊙ (black lines) plotted
with our measured effective temperature and luminosity (grey box). The blue and red lines represent the blue and red edges of the Cepheid
instability strip (Bono et al. 2000), respectively.
(2009) noted that the mass of l Car is about 13 M⊙.
However, if we consider the period-mass-radius relation
(Fricke et al. 1972; Gieren 1989) then M ≈ 7.5 M⊙,
which is closer to what we predict here. We also note
that the measured mass and luminosity depend on the
assumed convective core overshooting parameter; for in-
stance ignoring overshooting during main sequence evo-
lution leads to a predicted mass that is about 10 – 20%
larger. While the predicted mass differs from previous re-
sults, our predicted effective temperature and luminosity
are consistent.
We also determine the stellar age to be about 31 Myr,
but the real question about l Car is how long will it
remain a classical Cepheid. Using the predicted red edge
of the instability strip as a limit we find that l Car will
cease being a Cepheid in less than 31,000 years; relative
to the third crossing time scale of about 0.1 Myr for an
8–9 M⊙ Cepheid.
4. OBSERVATION AT ULTRAVIOLET AND X-RAY
WAVELENGTHS
Six observations of l Car were carried out in 2012 –
2013 with the Cosmic Origins Spectrograph onboard the
Hubble Space Telescope (HST-COS). The goal of these
observations was to further the work of previous Interna-
tional Ultraviolet Explorer (IUE) studies of l Car. Bohm-
Vitense & Love (1994) studied several IUE spectra of
l Car, investigating emission line fluxes and profiles at
various phases. They found the Cepheid’s UV emission
lines to undergo phased variability, and further concluded
there was “probably [...] evidence of mass loss.” The
HST-COS wavelength region (≈ 1150 − 1750 A˚) is ex-
cellent for such studies as it covers numerous emission
line features from atmospheric plasmas of ≈ 10, 000 −
300, 000 K (see Fig. 4).
As shown in Fig. 5, the HST-COS observations con-
firm the previous Bohm-Vitense & Love (1994) IUE find-
ings of variable, pulsation-phased UV emission line ac-
tivity. The HST-COS observations generally show simi-
lar behavior to the UV emission line variations of other
Cepheids (see Engle et al. 2014; Engle 2015). The strong
O i 1305 triplet (blended with smaller contributions from
S i and Si ii) emission flux from Bohm-Vitense & Love
(1994) are plotted in the figure. The O i 1305 emission
reaches maximum strength near ∼0.05φ. However, the
O i 1305 triplet emission is a resonance spectral feature
(in part) pumped by H i Ly-β at 1028A˚ (Koncewicz &
Jordan 2007). As shown in the figure, the integrated UV
emission line fluxes begin increasing after 0.9φ, as the
Cepheid is approaching minimum stellar radius (while
the photosphere is shrinking, but decelerating). This is
the phase range where a pulsation-induced shock is ex-
pected to emerge from the photosphere and propagate
through the outer atmosphere. The abruptness of the
line flux increases agrees with a sudden heating mecha-
nism, such as a shock.
In addition to the O i 1305 emission feature, the emis-
sion line fluxes from several other representative FUV
lines secured with HST-COS are given in Fig. 5. Most
of these lines originate from hotter plasma than the
O i 1305 emission. The emission line fluxes of the
C iv 1548/1550 doublet, N v 1238/42 doublet, O i 1358
line and Si iv 1393/1403 doublet are plotted in the figure.
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l Car HST-COS
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Fig. 4.— HST-COS ultraviolet spectra for phases with maximum (red lines) and minimum (black lines) Emission is significantly stronger
at maximum suggestive of significant photospheric heating. Note that the middle and lower panels are set to the same y-axis scale, but the
scale of the top panel has been magnified 10× due to the relative weakness of these shorter-wavelength emission lines.
These lines could not be accurately measured previously
with IUE. Except for the O i 1358 line, the lines originate
from hot plasmas with T > 50× 104 K. It appears that
the C iv emission peaks first near ∼ 0.93–0.95φ. But
there are not sufficient observations to precisely define
the phase. The Si iv 1400 and O i 1358 line fluxes reach
maximum strengths somewhat later at ∼0.0φ. As shown,
the N v emission is very weak and is only definitely de-
tected near maximum light. This emission line is too
weak to be unambiguously measured at other phases even
with HST. From Engle et al. (2014), the approximate
plasma temperatures of the various emission lines are:
O i 1305 (∼ 1−2×104 K), O i 1358 (∼ 1.5−2.0×104 K),
Si iv 1400 (∼ 50−70×104 K), C iv 1550 (∼ 80−150×104
K) and N v 1240 (∼ 250− 300× 104 K).
However, there is interestingly one aspect where l Car
behaves differently from δ Cep and β Dor (see Engle et al.
2014; Engle 2015). As said, the Cepheid shows pulsation
phase-dependent variations in UV emission line strengths
(see Fig. 5). However, the N v 1239/1243 A˚ doublet
(peak formation temperature of ∼ 1.5 − 2.5 × 105 K),
which is present in all spectra of δ Cep and β Dor, is
only detected in the two of the most active spectra of
l Car. This is interesting since the N v wavelength re-
gion is essentially free of photospheric continuum flux
from the cool supergiant. Therefore, even weak N v
emissions should be detectable. This implies that l Car
possesses a relatively cooler outer atmosphere (at least
during the majority of each pulsation cycle) compared to
either δ Cep or β Dor, and it is only during the phases
of shock-enhanced emissions that the atmospheric plas-
mas are sufficiently heated to result in N v emissions.
Because l Car has a longer period than either δ Cep
(5.6 d) or β Dor (9.8 d), the interval between pulsation-
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induced shock-heating events is much longer and the
shock-heated plasma has time to cool.
Additionally, there is potential evidence of mass loss in
the form of blue-shifted absorption features (see Fig. 4),
indicating a stellar wind. At present, these “wind fea-
tures” only show up in the more active spectra. This
would imply pulsation-related variable mass loss. How-
ever, the lower signal-to-noise of the emission features in
less-active (weaker emission line) spectra make it difficult
to definitively identify wind signatures (such as P Cygni
features and emission line asymmetries) at those phases.
Until a reliable circumstellar model is constructed and
applied to the spectra, we presently report the possi-
ble spectroscopic detection of mass loss, but likely below
10−8 M⊙ yr
−1, consistent with the results using period
change measurements.
Also as part of The Secret Lives of Cepheids program,
an X-ray observation of l Car was carried out with XMM-
Newton in February, 2010. This observation was ob-
tained to search for evidence of X-ray emission that has
been found in a small number of Cepheids, including
δ Cep and β Dor (Engle et al. 2014; Engle 2015). How-
ever, l Car was not detected. An upper limit for its X-ray
Luminosity (LX) was determined, using the background
count rate at the position of l Car in the XMM data. To
produce twice this rate, given the exposure time at the
position of l Car (≈ 47, 500 s) and the distance, 498+55
−45 pc
(Benedict et al. 2007), l Car would require an X-ray lumi-
nosity of log(LX ≈ 29.6. The only Cepheid to have been
detected at such an activity level is V473 Lyr (Evans
et al. 2016). However, there is also the pulsation phase
of the detection to consider. The two Cepheids having
sufficient X-ray phase coverage (δ Cep and β Dor), have
phased-variable X-ray emissions that peak near a phase
of 0.5 (Engle et al. 2014; Engle 2015). Our XMM ob-
servation of l Car was secured near phase = 0.2, where
the X-ray activity of the Cepheid could easily have been
below the detection threshold of our observation.
5. DISCUSSION
In this work, we analyzed almost a century of observa-
tions of the massive Cepheid l Car to measure a rate of
period change P˙ = +20.23± 1.39 s yr−1, a value much
smaller than previously presented (Turner et al. 2006).
Much of this difference is due to our new timing measure-
ments and reanalysis of previously observed light curves.
We also tested the data for changes in the brightness
amplitude that would indicate that l Car is transitioning
from a classical Cepheid to a red giant / supergiant star,
however, no change in amplitude was detected. New UV
observations were presented, offering new insights into
the Cepheid wind that is not as strong as that for δ Cep
or β Dor.
We compared our new rate of period change plus mea-
sured mean radius to stellar evolution models, verify-
ing the hypothesis that l Car is evolving along the third
crossing of the Cepheid instability strip. Based on these
models, we predict fundamental stellar parameters for
the star, including its luminosity and mass, along with
its mass-loss rate and age. The best-fit mass is smaller
than derived from previous stellar evolution model fits
to effective temperature and luminosity and smaller than
masses measured from pulsation relations (Caputo et al.
2005). Furthermore, we compute the age of l Car to be
about 31 Myr, and that l Car will cease being a classi-
cal Cepheid in less than 31,000 years, even though the
uncertainty in age is about one million years. This is be-
cause the predicted age is correlated with the predicted
mass, but not the time scale for evolution to the red edge
of the instability strip.
It should be noted that our results suggest that l Car
is evolving closer to the middle of the instability strip
than to the red edge (Luck et al. 2008; Kervella et al.
2009). But, if we compare the fundamental parameters
of those models with an adiabatic period-mass-radius re-
lation Gieren (1989), then the period is consistent with
that of l Car for the coolest evolution models, again ver-
ifying that l Car is much closer to the red edge of the
instability strip than to the blue edge.
While the evolutionary models provide reasonable es-
timates for the stellar luminosity and mass, they ap-
pear to do so only for mass-loss rates < 10−7 M⊙ yr
−1.
These mass-loss rates appear small, especially when com-
pared to mass-loss rates for the less massive Cepheids
δ Cep and Polaris, which have inferred mass-loss rates,
M˙ ≥ 10−7 M⊙ yr−1. However, the mass-loss rate is con-
sistent with that measured from infrared observations
(Kervella et al. 2009). Either way this result has im-
plications for understanding the Cepheid mass discrep-
ancy and Cepheid mass loss in general. Neilson et al.
(2012b) suggested that enhanced mass loss is necessary
to explain the observed number of Cepheids with posi-
tive period change relative to the number with negative
period change. This smaller mass-loss rate would appear
to contradict that argument. However, the Neilson et al.
(2012b) result was based on population synthesis mod-
els of Cepheids that are more sensitive to smaller mass
Cepheids since these stars have much longer Cepheid life
times, therefore that analysis does not necessarily require
l Car to have enhanced mass loss.
It should be noted that it is increasingly difficult to
compare measured rates of period change with stellar
evolution models. Measurement of period change require
high-precision timings for observations spanning upwards
of a century. Another challenge is interpretation. For in-
stance, both Neilson et al. (2012a) and Fadeyev (2015)
found similar results comparing the measured rate of pe-
riod change for Polaris with models and reported the
opposite conclusions. Neilson (2014) found that Po-
laris is evolving on the third crossing of the instability
strip, pulsates in the first-overtone mode and is at a dis-
tance > 115 pc, whereas Fadeyev (2015) argued Polaris
is evolving on the first crossing, is a fundamental mode
pulsator and has a distance d ≈ 107 pc. The source of
this difference is that the measured rate of period change
is not consistent with standard models at any crossing,
similar to the result found here. This suggests there may
be missing physics in the stellar evolution models that
directly impacts the predicted rates of period change.
While the ultraviolet spectra does not show features
similar to that observed in δ Cep (Engle et al. 2014)
but does show weaker emission features in the near-UV
suggestive of plasma with temperatures about 30, 000 K.
If these features are created by shocks propagating in
the stellar envelop, it is unlikely these shocks would be
related to an enhanced wind as suggested for the shorter-
period Cepheids (Neilson & Lester 2008). One possible
8 Neilson et al.
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Although based on fewer observations from HST-COS, the C iv 1550 emission peaks near 0.95|phi, while O i 1358, Si iv 1400 and N v 1240
emission fluxes reach maximum strengths near the star’s maximum optical brightness at 0.0φ. These FUV emissions appear to arise from
a pulsation-induced shock traveling outward from the star.
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explanation is that l Car has a “failed” wind. Pulsation
in the star levitates material and as that material falls
back during the pulsation cycle, shocks in the following
cycle interacts with the material before the material had
fallen back to its original radius. Over many pulsation
cycles, that layer reaches the escape velocity and ejected
as a slow wind. However, when the pulsation period is
long relative to the free-fall time of that layer, that layer
will not be ejected, but rains back down onto the stellar
envelop as a shock-generating collision.
The smaller mass-loss rate is consistent with
the pulsation-driven wind scenario where pulsation-
generated shocks enhance a stellar wind by many orders
of magnitude (Neilson & Lester 2008, 2009). In that sit-
uation, pulsation-driven shocks are far more efficient at
driving mass loss in Cepheids nearer the blue edge of the
instability strip and for Cepheids with less extended pho-
tospheres, i.e., smaller-mass, shorter-period Cepheids.
This pulsation-driven mass-loss mechanism would be in-
efficient in l Car or even damped by the convection that
is becoming more efficient as l Car evolves red ward. As
the convective layers grow, pulsation-generated shocks
will interact and become dampened in the convective lay-
ers, inhibiting a strong variable wind. This would also
damp any P Cygni-like emission profiles consistent with
our HST observations. Even though l Car appears to
have a relatively weak wind, it is adding to the picture
of Cepheid mass loss in general and hints at the impor-
tant connection between pulsation, convection and mass
loss in these stars.
Our measured value of the rate of period change ap-
pears to approximately match predictions from stellar
evolution models. But, this is arguably an exception in-
stead of the norm. Neilson et al. (2012a) found that the
observed rate of period change for Polaris is completely
inconsistent with standard stellar evolution models and
similar results were found for the population of Galactic
Cepheids (Neilson et al. 2012b). Similar issues have been
found for modeling the period change in hotter β Cephei
variables, where standard stellar evolution failed to agree
with measurements of period change for five stars, but
agreed for three (Neilson & Ignace 2015). Likewise, the
distribution of rates of period change in RR Lyrae stars
are inconsistent with expectations from theoretical mod-
els (Le Borgne et al. 2007). It is becoming clear that
stellar evolution models are not yet consistent with pe-
riod change observations for most cases.
One such challenge for resolving this issue is the role
of metallicity. While it is known that for a given mass,
stellar winds and convective core overshooting can sig-
nificantly change predicted rates of period change for a
given crossing of the instability. However, it is not clear
how rates of period change vary as a function of metal-
licity for a given Cepheid. One would expect metallic-
ity to matter because the width and shape of Cepheid
blue loops change with metallicity. For a population of
Cepheids, we cannot say how period change varies as
a function of metallicity. For instance, if metallicity af-
fects period change in a manner similar to convective core
overshooting then for a population of Cepheids varying
metallicity will have a negligible impact. We will explore
this question in more detail in future work.
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It is not clear if convection and convective cell eddies
play a role in the rate of period change for l Car. Neil-
son & Ignace (2014) hypothesized that the period jitter
observed in a few short-period Cepheids (Derekas et al.
2012; Evans et al. 2015) is due to changes in flux caused
by large convection cells. However, this type of period
jitter has not been detected in long-period Cepheids, al-
though Percy & Kim (2014) presented measurements of
amplitude variations that might be consistent with large-
scale convection cells. Understanding the role of surface
convection in long-period Cepheids and Cepheids near
the red edge of the instability strip is still an outstand-
ing problem in stellar physics (Gastine & Dintrans 2011;
Mundprecht et al. 2013, 2015). Measurements of pe-
riod change can provide an additional constraint of the
coupling between convection and pulsation in classical
Cepheids
Thanks to decades of pulsation period measurements,
we are beginning to observe stellar evolution directly in
classical Cepheids. By comparing these rates of period
change with stellar models, we are constraining the stel-
lar properties and physics with great precision that will
help us calibrate the Cepheid Leavitt law and understand
how these Cepheids will eventually evolve into red giant
and supergiant stars and beyond to white dwarf stars or
explode as supernovae. For the specific case of l Carinae,
we are observing a massive star evolving through its fi-
nal crossing as a Cepheid that will cease pulsating in the
next 31,000 years.
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